Synaptic plasticity is dependent on the differential sorting, delivery and retention of neurotransmitter receptors, but the mechanisms underlying these processes are poorly understood. We found that differential sorting of glutamate receptor subtypes began in the endoplasmic reticulum of rat hippocampal neurons. As AMPA receptors (AMPARs) were trafficked to the plasma membrane via the conventional somatic Golgi network, NMDA receptors (NMDARs) were diverted from the somatic endoplasmic reticulum into a specialized endoplasmic reticulum subcompartment that bypasses somatic Golgi, merging instead with dendritic Golgi outposts. This endoplasmic reticulum subcompartment was composed of highly mobile vesicles containing the NMDAR subunits NR1 and NR2B, the microtubule-dependent motor protein KIF17, and the postsynaptic adaptor proteins CASK and SAP97. Our data demonstrate that the retention and trafficking of NMDARs in this endoplasmic reticulum subcompartment requires both CASK and SAP97. These findings indicate that NMDARs are sorted away from AMPARs via a non-conventional secretory pathway that utilizes dendritic Golgi outposts.
NMDARs regulate synaptic plasticity by functioning as coincidence detectors that integrate synapse-specific information with the overall excitability of neuronal cells 1 . NMDAR activation is essential for eliciting changes in synaptic strength, primarily by regulating the levels of postsynaptic AMPARs 2,3 . Numerous studies have demonstrated that NMDARs and AMPARs are independently delivered to nascent synapses during synaptogenesis [4] [5] [6] and to mature synapses during synaptic plasticity 2, 3 . Mechanistically, the sorting of these receptors into distinct vesicles 4, 6 and/or their differential retention at the postsynaptic density (PSD) 7 may underlie these differences, although the relative contribution of each mechanism remains unclear.
Studies of AMPAR biogenesis, transport and synaptic delivery suggest a three step mechanism, wherein receptor subunits are synthesized in the somatic endoplasmic reticulum and Golgi, transported to the plasma membrane by constitutive membrane flow 8, 9 and subsequently internalized into recycling endosomes 10 before their activity-dependent reinsertion at extrasynaptic sites 11, 12 and capture by scaffold proteins in the PSD 7, 13 . It is unclear whether NMDARs follow a similar biosynthetic pathway and/or at what stage they are sorted from AMPARs. Studies suggest that members of the membrane-associated guanylate kinase (MAGUK) family of synaptic scaffold proteins (for example, SAP97, PSD-95, SAP102 and CASK) 7 , the protein GRIP/ABP, and subclasses of microtubule and actin-dependent motor proteins contribute to the differential sorting and trafficking of NMDA and AMPARs [14] [15] [16] [17] [18] . For example, SAP97 associates with AMPAR subunits during their biosynthesis and transport to the plasma membrane 15 and GRIP1 and KIF5 participate in the synaptic delivery of these receptors 19 . Similarly, subunits of the NMDAR form complexes with CASK, Velis/MALS, Mint and KIF17 on vesicles that move rapidly along dendritic microtubules 14, 19 at rates that are distinct from vesicles carrying AMPARs 6, 20 . Additional reports indicate that NMDAR subunits also form complexes with SAP102, sec8 and mPins 21, 22 , as well as SAP97 (refs. [23] [24] [25] . However, it remains unclear when and where each complex forms or how each contributes to individual steps in the biogenesis, transport and recycling of NMDARs.
We explored the mechanisms that underlie sorting of AMPARs versus NMDARs. We found that NMDARs were trafficked via a SAP97-and CASK-dependent pathway from somatic endoplasmic reticulum to a dendritic endoplasmic reticulum subcompartment, and subsequently to Golgi outposts. In contrast, AMPARs followed the conventional route from somatic endoplasmic reticulum and Golgi to reach the plasma membrane. These data not only provide new insights into the cellular mechanisms underlying glutamate receptor sorting, but also indicate that dendritic Golgi outposts 26 are part of a functionally distinct secretory pathway.
RESULTS

NMDARs bypass somatic Golgi
Sorting of membrane proteins typically occurs at the trans-Golgi network (TGN) 27 .
To determine whether glutamate receptors traffic through somatic TGN, we transfected enhanced green fluorescent protein (EGFP)tagged AMPAR (GFP-GluR1) or NMDAR (NR1-GFP) subunits with a constitutively active mutant of the GTPase ARF1 (ARF1-Q71I), which causes the accumulation of cargo in the Golgi by preventing COPI-coated vesicle formation 28 .
When GFP-GluR1 was transfected into cultured hippocampal neurons with hemagglutinin (HA)-tagged ARF1-Q71I (ARF1-Q71I-HA), both proteins accumulated in the cell soma and colocalized with antibodies to the Golgi marker GM130 (Fig. 1a) . Quantifying the percent overlap with GM130 revealed a 45% increase in the levels of Golgi-localized GFP-GluR1 in neurons coexpressing ARF1-Q71I-HA (P ¼ 0.02, t test). In contrast, we saw no accumulation of NR1-GFP in neurons coexpressing ARF1-Q71I-HA ( Fig. 1a) , indicating that NMDARs may bypass somatic Golgi. Similar results were obtained with two other conditions that block protein trafficking through the Golgi ( Supplementary Fig. 1 ).
NMDARs traffic through dendritic Golgi outposts
The absence of NR1-GFP in somatic Golgi following coexpression with ARF1-Q71I was puzzling to us, as membrane proteins are usually post-translationally processed in the Golgi before their insertion at the plasma membrane. We therefore tested whether NMDARs instead use dendritic Golgi membranes. These Golgi outposts are considered to be an extension of the somatic Golgi 29 or a site of biosynthesis for integral membrane proteins translated from dendritically localized mRNAs 26, 30 . To assess a role for Golgi outposts in NMDAR trafficking and processing, we again used ARF1-Q71I-HA to block Golgi trafficking. As with somatic Golgi, GM130 immunoreactivity identified dendritic Golgi outposts (Fig. 1b) . In neurons expressing NR1-GFP alone, we observed modest colocalization with GM130-positive puncta. However, when ARF1-Q71I-HA was transfected with NR1-GFP, we Figure 1 NMDARs exit the soma via a somatic Golgi-independent pathway and insert into dendritic Golgi outposts. (a,b) Hippocampal neurons were transfected with GFP-GluR1 or NR1-GFP alone or with one of the subunits and ARF1-Q71I-HA. Cultures were fixed at 12-15 h post-transfection. Co-expression with ARF1-Q71I-HA significantly increased the Golgi localization of GFP-GluR1 (P = 0.02, arrows, second row), but had no effect on NR1-GFP distribution or Golgi localization (fourth row) (a). In dendrites, coexpression with ARF1-Q71I-HA resulted in a significant accumulation of NR1-GFP at Golgi outposts (P = 0.029, bottom panel, b), as compared with dendrites in which the subunit was expressed alone (top panel, b). (c-e) Accumulation of endogenous NMDARs at Golgi outposts following mutant ARF1 overexpression. Expressing the ARF1 mutant had no effect on NR1 localization in somatic Golgi (arrows, bottom row, c). We transfected cultures with the Golgi marker Galtase-GFP alone (top rows) or with ARF1-Q71I-HA (bottom rows) (d,e). We observed minimal colocalization of endogenous NR1 (d) and NR2B (e) with outposts in neurons only expressing Galtase-GFP (arrows in top rows, merged panels). Coexpression of the ARF1 mutant resulted in an increase in the colocalization of both NR1 and NR2B with Golgi outposts (arrows in bottom rows, merged panels), as well as in the fluorescence intensity at these structures (pseudo-color intensity panels; increasing intensity is reflected in progression from blue-to-red-to-yellow). Scale bars represent 10 mm.
detected a significant increase in Golgi outpost size and the intensity of colocalizing NR1-GFP puncta (Bthreefold, P ¼ 0.029), which is consistent with NMDARs trafficking through dendritic, rather than somatic, Golgi. No accumulation of AMPAR subunits was observed in Golgi outposts following ARF1-Q71I block, as almost all of the GFP-GluR1 remained in the soma and failed to traffic beyond proximal dendritic segments ( Supplementary Fig. 2 ).
To rule out the possibility that NR1-GFP overexpression was responsible for these findings, we examined the effects of ARF1-Q71I-HA on endogenous NR1 and NR2B subunits. Again, ARF1-Q71I-HA did not trigger the accumulation of NR1 in somatic Golgi (Fig. 1c ), but did significantly increase the percent overlap between dendritic NR1-and NR2B-immunoreactive puncta (60% and 43%, P ¼ 0.016 and 0.007, respectively) and Golgi outposts (labeled with the EGFP-tagged Golgi marker galactosyltransferase, Galtase-GFP). This accumulation was not a result of alterations in synapse stability or formation by ARF1-Q71I-HA expression ( Supplementary Fig. 3 ). These data indicate that NMDARs traffic from the soma via a pathway that bypasses somatic Golgi, but utilizes dendritic Golgi, in contrast with the conventional sorting pathway of AMPARs.
NMDAR transport in an endoplasmic reticulum subcompartment
If NMDARs bypass the somatic Golgi by budding directly from the endoplasmic reticulum, then NMDAR-containing transport vesicles in dendrites may have features in common with the endoplasmic reticulum. Recent studies have demonstrated the existence of an endoplasmic reticulum subcompartment throughout the dendrites of hippocampal neurons 29 . The endoplasmic reticulum subcompartment contains endoplasmic reticulum-resident proteins, proteins involved in Ca 2+ storage and release 31, 32 , and associated vesicles that move via kinesin motors in both the anterograde and retrograde direction at velocities of 0.2-0.3 mm s -1 at 36-37 1C 31,32 . To assess whether NMDAR-containing vesicles are part of this compartment, we examined the expression of three endoplasmic reticulum markers, KDEL, IP 3 receptor and DsRed-ER (a DsRed fusion protein containing endoplasmic reticulum-retention signals from both calreticulin and KDEL). All three markers colocalized with each other and with newly synthesized NR1-GFP in small punctate structures in dendrites ( Fig. 2a) .
To further characterize these NMDAR-containing vesicles, we carried out live imaging on 13-d-old neurons coexpressing newly synthesized NR1-GFP and DsRed-ER. We routinely observed small, discrete, highly mobile NR1-GFP puncta that also contained DsRed-ER ( Fig. 2b) . These puncta moved rapidly along dendrites in both anterograde and retrograde directions at a mean rate of 0.26 ± 0.03 mm s -1 at 36-37 1C (for 11 measured events). This rate is similar to those reported previously for endoplasmic reticulum-like vesicles in dendrites 31, 32 and for NMDAR-containing vesicles 6, 17 .
We next tested whether other NMDAR or AMPAR subunits were also present on endoplasmic reticulum subcompartment vesicles. Brefeldin A (BFA) was used to enrich for endoplasmic reticulum vesicles trafficking from the soma. Cultures were transfected with DsRed-ER, treated with BFA (2 h post-transfection) and assayed for endogenous NR2B and GluR1 subunits on endoplasmic reticulum subcompartment puncta ( Fig. 2c ). We observed a high degree of colocalization between DsRed-ER and NR2B (60%), but not between DsRed-ER and GluR1 (19%), which is consistent with NR1-and NR2B-containing NMDARs, but not with GluR1-containing AMPARs, in endoplasmic reticulum-derived vesicles that traffic to dendrites.
It was previously shown that dendritic transport of NMDARs is mediated by a complex composed of three multi-domain scaffold proteins, CASK (Lin2), Velis/MALS (Lin7) and Mint (Lin10), that tether NMDARs to the kinesin KIF17 (refs. 14,33). We used immunostaining to evaluate whether the observed NMDAR-containing vesicles contained CASK and KIF17 ( Supplementary Fig. 4 ). We found that clusters of CASK and KIF17 had a high degree of overlap with NR1-GFP and DsRed-ER puncta ( Supplementary Fig. 4 ), suggesting that mobile NMDAR/endoplasmic reticulum vesicles share features with previously characterized NMDAR transport vesicles.
SAP97 and CASK alter NMDAR trafficking CASK not only forms complexes with Velis/MALS and Mints 33, 34 , but also with another MAGUK, SAP97 (refs. 35, 36) . SAP97 interacts via its N-terminal PDZ domains with the C-terminal tails of NR2A or NR2B subunits of the NMDAR 23 and is known to do so in the endoplasmic reticulum of transfected cells 25, 37 . Taken together, these features led us to hypothesize that a complex containing SAP97 and CASK may traffic NMDARs into the dendritic endoplasmic reticulum subcompartment. This theory was initially tested in HEK293 cells by coexpressing HA-NR1 (HA-tagged on its extracellular domain) and NR2B subunits ( Fig. 3) . We detected NMDARs at the cell surface, which is consistent with assembled NMDARs having transited through the endoplasmic reticulum and Golgi (Fig. 3a,e ). However, when we transfected cells with EGFP-tagged SAP97 and HA-NR1, surface NMDAR expression was lost ( Fig. 3b,e ) and nearly all of the NMDARs were sequestered in large structures colocalizing precisely with EGFP-SAP97 ( Fig. 3b ). These clusters also colocalized with ERp57 (Fig. 3b) , a resident endoplasmic reticulum protein, suggesting that SAP97 sequestered NMDARs in an endoplasmic reticulum-derived compartment. Although SAP97 can also bind AMPAR GluR1 subunits 38 , it had no effect on the surface expression or endoplasmic reticulum distribution of these receptors when a HA-tagged version of GluR1 (HA-GluR1) was coexpressed with EGFP-SAP97 ( Fig. 3a) .
We also examined whether CASK affected the distribution of NMDARs in HEK293 cells. In the presence of Myc-tagged CASK and EGFP-SAP97, NMDARs trafficked to the cell surface and were no longer retained in the endoplasmic reticulum ( Fig. 3c,e ). This effect required a direct interaction between CASK and SAP97, as a CASK deletion mutant lacking its N-terminal L27 domain (CASK-DL27N), which binds the N-terminal L27 domain of SAP97 (ref. 35) , had no effect when it was co-transfected with GFP-SAP97 ( Fig. 3d,e ). These data indicate that SAP97 can mediate the endoplasmic reticulum retention of NMDARs and, together with CASK, may regulate the sorting and trafficking of NMDARs through the endoplasmic reticulum and Golgi.
We next examined whether SAP97 and CASK formed complexes with NMDARs in hippocampal neurons. To begin, we immunostained cultured hippocampal neurons with antibodies to NR1, SAP97 and/or CASK. We observed strong colocalization of NR1 with SAP97 or CASK in somata and punctate structures along the dendrites of these neurons ( Fig. 4a ). To distinguish between synaptic puncta and NMDAR transport vesicles, we first immunostained cultures with antibodies to SAP97 and synapsin. Endogenous SAP97 was present not only at synapses, as defined by the colocalization of SAP97 and synapsin puncta along dendrites, but also in a distinct population of smaller puncta lacking synapsin (Fig. 4a) . The latter finding suggests that nonsynaptic SAP97 might be associated with dendritic vesicles containing NMDARs. As another test, we transfected neurons with yellow fluorescent protein (YFP)-tagged SAP97 and GFP-tagged NR1, and then immunostained them with antibodies to synapsin and CASK. Using a filter set that separated YFP and GFP spectra, we found two populations of YFP-SAP97 puncta: larger synaptic puncta that colocalized with NR1-GFP, CASK and synapsin, and smaller puncta that colocalized only with CASK and NR1-GFP (Fig. 4b) . To test whether SAP97 and NMDARs were found together in mobile endoplasmic reticulum vesicles, we transfected cells with red fluorescent protein (RFP)-SAP97 and NR1-GFP or EGFP-SAP97 and DsRed-ER before time-lapse imaging ( Fig. 4c ). We detected highly mobile RFP-SAP97 and EGFP-SAP97 puncta that comigrated along dendrites with NR1-GFP (average velocity in both the retrograde and anterograde directions of 0.13 ± 0.07 mm s -1 , mean ± s.d., n ¼ 13; see Supplementary Video 1) or DsRed-ER puncta (average velocity in both the retrograde and anterograde directions of 0.34 ± 0.05 mm s -1 , mean ± s.d., n ¼ 15), respectively. These data indicate that SAP97 and NMDARs associate with motile, endoplasmic reticulum-like vesicles in dendrites. We next assessed whether SAP97 exists in a complex with NMDARs and CASK by immunoprecipitating SAP97 from postnatal day 2 (P2) rat brain microsomal membranes ( Fig. 5 ). Using western blot analysis, we found that CASK and the NR2B subunits of the NMDAR coimmunoprecipitated with SAP97, which is consistent with the formation of a complex containing SAP97, CASK and NMDARs (Fig. 5a ). The formation of this complex was confirmed in HEK293 cells. HA antibodies immunoprecipitated HA-tagged NMDAR subunits as well as co-transfected GFP-SAP97 and Myc-CASK (Fig. 5b) . We failed to detect any Myc-CASK in this complex when the L27N CASK deletion mutant was used ( Fig. 5b) , indicating that its association with the SAP97/NMDAR complex requires a L27 domainmediated interaction.
To test whether SAP97 and NMDARs colocalized on cellular membranes, we also performed dual-label immunogold electron microscopy on dendrites of CA1 pyramidal cells. SAP97 immunoreactivity was detected at the pre-embed stage and enhanced by silverintensified gold (SIG), and NR2B immunoreactivity was detected at the post-embed stage and enhanced with 10 nm colloidal gold. We readily detected 10-nm gold particles in the vicinity of larger SIG particles (Fig. 5d ), many of which were associated with dendritic membranous structures. Our limit of resolution for colocalization was 60 nm, the estimated maximal distance that could be traversed by four IgG molecules linked to a single SAP97-NR2B complex. Altogether, our findings of a SAP97-CASK-NMDAR complex in mobile endoplasmic reticulum-like vesicles are consistent with the idea that SAP97 and CASK participate in the sorting of NMDARs into the endoplasmic reticulum subcompartment found in dendrites.
SAP97 and CASK regulate NMDAR sorting to Golgi outposts
To further examine the roles of SAP97 and CASK in NMDAR trafficking, we generated short-hairpin RNAs (shRNAs) that were specific for SAP97 or CASK transcripts. On the basis of western blot analysis, these shRNAs markedly suppressed the expression of SAP97 (490%) and CASK (470%), whereas a scrambled shRNA had no effect ( Supplementary  Fig. 5 ). To determine whether SAP97 or CASK knockdown affected NMDAR trafficking, we examined the colocalization of NR1 subunits with the Golgi marker GM130 in the somas of shRNA-expressing neurons (Fig. 6a) . We observed a substantial increase in the perinuclear distribution of NR1 in neurons expressing shRNAs for SAP97 or CASK versus control cells ( Fig. 6a ) and substantial colocalization with GM130, suggesting that NR1 now trafficked via the somatic Golgi. Quantitatively, SAP97 knockdown led to a 33% increase in NR1 at the somatic Golgi and CASK knockdown led to a 48% increase compared with neurons expressing scrambled shRNAs (Fig. 6b) . These results suggest that SAP97 and CASK are required for the selective sorting of NMDARs away from somatic Golgi. We also tested the effects of SAP97 and CASK knockdown on AMPAR trafficking. We observed an accumulation of endogenous GluR1 in the somatic Golgi of neurons infected with the SAP97 shRNA. No accumulation was seen in uninfected neurons, neurons infected with a scrambled shRNA or neurons infected with shRNA specific to CASK (Fig. 6c,d) . Reducing the levels of SAP97 or CASK had no effect on the trafficking of another synaptic protein, synaptophysin, through somatic Golgi (Fig. 6e,f) . Together, these observations indicate that SAP97, but not CASK, has a specific role in the forward trafficking of GluR1 through somatic Golgi. This result is consistent with those of previous studies demonstrating that a SAP97-GluR1 interaction has a role in forward trafficking of AMPARs to the plasma membrane 15 . No such involvement of CASK in AMPAR trafficking has been described.
The accumulation of NR1 in somatic Golgi with knockdown of SAP97 or CASK suggests that these MAGUKs are required for the forward trafficking of NMDARs through Golgi membranes. Alternatively, NMDARs may still have the capacity to transit through somatic Golgi in the absence of SAP97 or CASK, but may accumulate as a result of a slowed transport rate. To distinguish between these possibilities, we examined whether blocking Golgi trafficking with ARF1-Q71I further enhanced NMDAR levels in the somatic Golgi of neurons lacking SAP97. Neurons expressing both SAP97 shRNAs and ARF1-Q71I-HA showed a marked increase in NR1 immunofluorescence in somatic Golgi (Fig. 6g,h ) compared with neurons with SAP97 shRNAs alone (Fig. 6a) . The average overlap between NR1 and GM130 intensities in somata was increased by 80% in neurons with ARF1-Q71I-HA and SAP97 knockdown (Fig. 6h ) compared with 33% in neurons without ARF1-Q71I-HA (Fig. 6b) .
Finally, we examined whether NMDARs still accumulated in Golgi outposts when Golgi trafficking was blocked by ARF1-Q71I in neurons lacking SAP97. Endogenous NR1 accumulated at ARF1-Q71I-HApositive puncta in the dendrites of neurons expressing a scrambled shRNA, but we observed a 65% (P ¼ 0.00004) reduction in the amount of NR1 present at these same sites in neurons expressing the SAP97 shRNA (Fig. 6i) .
To address whether the alternative secretory pathway taken by NMDARs contributes to their synaptic delivery, we assessed whether SAP97 or CASK knockdown altered synaptic levels of NMDARs. This was tested by measuring the average intensity of NR1 immunoreactive puncta colocalizing with synaptophysin in neurons infected with the shRNAs (Fig. 7) . The normalized ratio of NR1 to synaptophysin intensity was 30% less in neurons expressing SAP97 shRNA and 46% less in those with CASK shRNA when compared with uninfected neurons or neurons expressing a scrambled shRNA sequence (Fig. 7) . These results are consistent with the 45% decrease in NMDAR EPSCs that was observed previously with SAP97 knockdown in hippocampal neurons 39 . Furthermore, they correlate with the 33% and 48% increases in NMDAR somatic Golgi accumulation that we observed using the same SAP97 and CASK knockdowns ( Fig. 6a,b) . These effects were not the results of alterations in synapse formation or stability, as neither SAP97 nor CASK knockdown yielded a change in synaptic density versus scrambled shRNA controls ( Supplementary Fig. 6 ). Taken together, these data indicate that NMDARs traffic to synapses via the conventional secretory pathway in the absence of SAP97 or CASK, but are more efficiently delivered to synapses when they utilize an atypical pathway through the endoplasmic reticulum subcompartment and dendritic Golgi outposts. The relative intensities of the synaptic NR1 puncta in each field are shown in the third panels (NR1:synaptophysin, pseudo-color intensity image). These were obtained by thresholding and dividing the synaptic NR1 image by the synaptophysin image (see Online Methods). The resultant pixels were displayed in a pseudo-color channel (progression from blue to red to yellow pixels reflects increasing intensities). (b) Representative images from an uninfected sister culture (top row) and those infected with a high titer of CASK shRNA lentivirus (bottom row). (c) Quantification of the decrease in synaptic NMDAR levels following SAP97 or CASK knockdown. Fluorescence intensities of overlapping NR1 and synaptophysin puncta were measured. The normalized ratios of NR1 to synaptophysin average intensities are shown (mean ± s.e.m. from ten fields per group, n ¼ 1,103, 1,108 and 881 puncta from uninfected, scrambled and SAP97 shRNA cultures, respectively, P ¼ 0.001; n ¼ 1,524, 1,294 and 840 puncta from uninfected, scrambled and CASK shRNA cultures, respectively, P ¼ 0.0000003). Scale bar represents 10 mm.
DISCUSSION
NMDARs utilize an atypical secretory pathway
With their long processes and polarized structures, neurons face unparalleled demands to correctly sort and target proteins to the appropriate destinations. As with other cells, neurons have partially solved this problem by sorting proteins into vesicles at the TGN before transporting them to axons or dendrites [40] [41] [42] . Sorting of postsynaptic glutamate receptors was initially thought to only occur at the TGN. However, recent studies have demonstrated that sorting of AMPARs utilizes an endosomal pathway after their insertion at or near the PSD 10 .
Here, we found yet another pathway for glutamate receptor trafficking, which involves a dendritic endoplasmic reticulum subcompartment and Golgi outposts and is used by NMDARs, but not AMPARs. This trafficking pathway requires SAP97 and CASK and appears to be essential for the efficient synaptic delivery of NMDARs. Our data reveal three previously unknown aspects of NMDAR trafficking. First, the majority of NMDARs use this alternative pathway, as no increase in NMDAR immunoreactivity or NR1-GFP fluorescence was seen in somatic Golgi following a block of Golgi trafficking by ARF1-Q71I. Second, NMDAR trafficking from the soma to dendrites was independent of COPI vesicle formation and NMDARs remained in an endoplasmic reticulum-like compartment during their trafficking into dendrites. Finally, NMDAR transit through dendritic Golgi outposts was dependent on COPI vesicle formation, suggesting that Golgi outposts function for NMDARs similar to somatic TGN functions for other proteins; that is, as a transit and processing station. This may enable neurons to more tightly and locally regulate the delivery of synaptic NMDARs.
SAP97 and CASK direct NMDARs to Golgi outposts
Our data indicate that NMDARs exit the conventional secretory pathway just after their exit from the somatic endoplasmic reticulum compartment. This prediction is supported by our 15 1C temperature shift experiments, which led to the somatic accumulation of newly synthesized NMDARs ( Supplementary Fig. 1 ). Furthermore, we found that a substantial fraction of dendritically localized, extrasynaptic NMDARs colocalized with endoplasmic reticulum markers, including KDEL, IP 3 receptor and DsRed-ER (Fig. 2) . Notably, these NMDAR-associated, endoplasmic reticulum-derived vesicles were found to be highly dynamic, moving at speeds consistent with their transport along dendritic microtubules 31 , and to share features with previously characterized transport vesicles 14 containing NMDARs, CASK and KIF17.
By further characterizing endoplasmic reticulum-derived NMDAR transport vesicles, we found that SAP97 associated with NMDAR-CASK-KIF17 complexes. SAP97 directly binds CASK and NMDARs 23, 35, 36 and causes endoplasmic reticulum retention of voltage-gated ion channels in HEK293 cells 37 . These data suggest that SAP97 is necessary for sorting NMDARs into the alternative secretory pathway. Three lines of evidence support this hypothesis. First, SAP97 caused the endoplasmic reticulum retention of NMDARs when it was transfected with NMDAR subunits into HEK293 cells (Fig. 3) . Second, SAP97 knockdown in neurons caused NMDAR accumulation in somatic Golgi (Fig. 6) . Finally, endogenous NMDAR localization in dendritic Golgi outposts was lost with SAP97 knockdown and ARF1-Q71I-HA block of Golgi trafficking (Fig. 6) . These data suggest that SAP97 associates with NMDARs during/after their assembly in the endoplasmic reticulum and that this interaction prevents their ability to transit from endoplasmic reticulum exit sites to the somatic Golgi ( Supplementary Fig. 7) .
Our data also indicate that SAP97 does not act alone in diverting NMDARs from somatic Golgi, although it has the ability to directly bind NR2 subunits of the NMDAR 23 . CASK, a second component of the NMDAR transport complex, is also required for this process, although it does not directly bind NMDAR subunits. Two sets of experiments support this conclusion. First, CASK coexpression enabled NMDAR transport to the cell surface and prevented SAP97-dependent endoplasmic reticulum retention of NMDARs (Fig. 3) . This activity required the L27N domain of CASK, which is necessary for complex formation with SAP97 (ref. 35) . Second, CASK knockdown in cultured hippocampal neurons re-routed NMDARs through somatic Golgi (Fig. 6) . These data indicate that a CASK-SAP97 complex functions in concert to sort NMDARs through this atypical secretory pathway.
Functional importance of the alternative secretory pathway
We evaluated whether levels of synaptic NMDARs were altered by knockdown of SAP97 or CASK and found that knockdown of either reduced the amount of synaptic NMDARs by 30-40% (Fig. 7) . These values are consistent with the 45% decrease in NMDAR EPSCs that was observed previously with SAP97 knockdown 39 . A similar reduction in synaptic NMDARs was reported for neurons lacking KIF17, the microtubule-dependent motor that is thought to be responsible for the anterograde transport of vesicles carrying NMDARs/CASK 17 . When this alternative pathway is unavailable, NMDARs can traffic to synapses via the conventional secretory pathway, as evidenced by the accumulation of NMDARs in somatic Golgi during the knockdown of SAP97 or CASK (33% and 48%, respectively; Fig. 6 ), as well as by the 80% increase in the number of NMDARs present on somatic Golgi when SAP97 is knocked down or ARF1-Q71I is used to block Golgi trafficking ( Fig. 6) . We also detected a reciprocal relationship between the increase in NMDARs at the Golgi (33% and 48%; Fig. 6 ) and their reduction at synapses (30% and 46%; Fig. 7) during the SAP97 or CASK knockdown, respectively. Our data suggest that loss of synaptic NMDARs is caused by a reduced rate of trafficking as they move through the conventional secretory pathway and is not by reduced synaptic anchoring of the receptors by SAP97 or CASK.
Another question raised by our studies is whether this alternative secretory pathway is specific for NMDARs or whether other integral membrane and/or secreted proteins traffic through this pathway. Clearly, proteins that have previously been shown to reside in the dendritic endoplasmic reticulum subcompartment, such as the integral membrane IP 3 receptor and the calcium ATPase-2a, are trafficked using this pathway 31 . Our studies on GluR1 subunits of the AMPAR indicate that this pathway is not available to all proteins and that there is some degree of specificity. Other studies have found that recombinant brainderived neurotrophic factor, a secreted protein, and vesicular stomatitis virus G protein, an integral membrane protein, traffic though dendritic Golgi outposts, although both proteins also appear to use somatic Golgi, perhaps as a result of overexpression 29 . Inwardly rectifying potassium channels (Kir2) also complex with SAP97, CASK, Mint and Velis/MALS in fibroblast and neuronal cells 36 . Although not explored here, the ability of SAP97 and CASK to form complexes with channels other than NMDARs suggests that this alternative sorting pathway may be used by multiple dendritically sorted ion channels and receptors.
In summary, we found that the differential sorting of NMDARs and AMPARs begins in the somatic endoplasmic reticulum, causing a majority of NMDARs to bypass somatic Golgi in favor of dendritic Golgi outposts. Our data indicate that the MAGUKs SAP97 and CASK are required for the sorting of NMDARs from AMPARs. Finally, our findings suggest that this alternative pathway allows NMDARs to be more efficiently delivered to synapses and may provide a platform for local control of NMDAR insertion near synapses.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
Immunofluorescence staining. HEK-293 cells (18-24 h post-transfection) and neuronal cultures were washed twice in phosphate-buffered saline (PBS) at 22-25 1C, fixed in 4% paraformaldehyde/sucrose (vol/vol, 4 1C, 15 min) and washed three times in PBS (5-10 min). For permeabilization, cells were incubated in 0.1% Triton-X in TBS (10 min), incubated in blocking solution (2% glycine (wt/vol), 2% BSA (wt/vol), 0.2% gelatin (wt/vol) and 50 mM NH 4 Cl in 1Â PBS; 10 min) and then incubated with the indicated primary antibody diluted in blocking solution (1 h). Following primary antibody incubation, cells were washed three times in blocking solution (5-10 min) and overlaid with an appropriate secondary antibody diluted in blocking solution (1 h). Cells were then washed three times in PBS (5-10 min) and the slips mounted in Vectashield (Vector Laboratories) or Prolong Gold (Invitrogen). Fluorescence images were acquired using the Leica SP2 AOBS spectral laser scanning confocal microscope (Leica Microsystems) or with a Yokogawa spinning disc confocal head (Perkin Elmer), fitted on a Zeiss Axiovert 200M microscope. Images were processed using Image J (US National Institutes of Health) and Adobe Photoshop software.
Image analysis. Quantification of fluorescence data was performed using MetaMorph (Universal Imaging) and ImageJ software (US National Institutes of Health). Somatic Golgi localization was assayed by setting the z plane limits for acquisition (B0.5-1.0 mm per slice, 5-10 slices) on the basis of the fluorescence signal for the Golgi marker (GM130 or TGN38). The signal was then thresholded and used to create a binary mask, allowing for the measurement of subunit pixel intensities in each plane. Averaged pixel intensities for the entire z stack were calculated, background subtracted and normalized to control values. Expression levels in exogenous subunit experiments were controlled for by measuring the average pixel intensity in a small box drawn outside of the Golgi, where subunits showed an even distribution. A Golgi-tosoma (non-Golgi) ratio was calculated for each cell and normalized to control ratio values. Experiments were conducted from a minimum of two independent culture preparations, with ten neurons per experimental group.
Analysis of Golgi outpost localization was performed as described above, with the exception that averaged z projections for all channels were used for quantification. A combined Golgi and mutant ARF1 binary mask was created (Golgi alone for control fields), ensuring the analysis of outposts with impaired COPI function. Averaged NR1 and NR2B pixel intensities in the thresholded regions were measured, background subtracted and normalized to control values. For exogenous NR1-GFP experiments, differences in protein expression levels across cells were controlled for by measuring average pixel intensities in a small region of the immediate proximal dendrite where subunit distribution was uniform, calculating an outpost to dendrite ratio for each cell analyzed and normalizing to control ratio values. Experiments were conducted from a minimum of two independent culture preparations, with five fields per condition.
Synaptic NR1 expression was quantified by setting z plane limits using the synaptophysin signal, then acquiring both channels. Averaged z projections of image stacks were created, thresholded and scored for colocalization and signal intensity using the cell-scoring feature in MetaMorph. Averaged intensities in each field were background-subtracted and normalized, and the ratio of NR1 to synaptophysin intensities was analyzed in Excel. Experiments were conducted from a minimum of two independent culture preparations, with ten fields per condition.
Analysis of the colocalization of DsRed-ER-containing vesicles with endogenous NR2B or GluR1 were carried out by background-subtracting and thresholding image fields so that only puncta that were twofold greater than background were selected. Colocalizing puncta were evaluated using the Analyze Particles function in ImageJ.
Analysis of the effects of mutant ARF1 expression on GFP-GluR1 dendritic distribution ( Supplementary Fig. 2 ) was performed on Z stacks of dendrites. Averaged pixel intensities along the first 20 mm were calculated, backgroundsubtracted and normalized to control values. Expression levels in individual cells were controlled for as described above. Experiments were conducted from a minimum of two independent culture preparations, with ten neurons per experimental group.
Synaptic density experiments ( Supplementary Figs. 3 and 6 ) used colocalization of pre-and postsynaptic markers to denote synaptic sites. Thresholded puncta were analyzed using the Analyze Particle function in ImageJ, and the number of colocalizing puncta were divided by the length of dendrite analyzed. Experiments were conducted from a minimum of two independent culture preparations, with 5-10 neurons per experimental group.
Statistics. Statistical comparisons for all confocal analyses were made using two-tailed Student's t tests. Flow cytometric comparisons were made using ANOVA/Tukey post hoc analysis.
Spectral separation of GFP and YFP. Samples were sequentially excited in spectral scan mode (Leica) at reduced levels, using the 488-and 514-nm laser lines, and emission windows were visually optimized. GFP bleed-through into the YFP channel was assessed by scanning neurons that only expressed the GFP fusion protein, excited by the 514-nm laser line, and collecting data with the emission window set at 535-565 nm. Under these conditions, GFP fluorescence was negligible. YFP cross-talk into the GFP channel was assessed and controlled for by scanning neurons that only expressed the YFP fusion protein, excited by the 488-nm laser line, and setting the emission window at 490-515 nm. At the laser intensities used, YFP cross-talk was negligible when the emission window did not extend beyond 515 nm. The effectiveness of this protocol was confirmed by the presence of mutually exclusive puncta in overlay images from co-transfected neurons.
Time-lapse imaging. For the time-lapse imaging experiments, the culture medium was replaced with a 10 mM HEPES buffer solution (pH 7.3). Neurons were visualized under an inverted microscope (IX81, Olympus) and a 60Â objective (NA 1.4, Olympus) using standard filter sets and an Hg lamp. Culture slips were maintained at B37 1C by placing dishes in a heating chamber affixed to the microscope stage. Sequential images were acquired, 100-1,000-ms exposures, on a Retiga EXi chilled charged-coupled device (QImaging) under the control of MetaMorph software.
